Chemical exchange saturation transfer (CEST) potentially provides the ability to detect small solute pools through indirect measurements of attenuated water signals. However, CEST effects may be diluted by various competing effects, such as non-specific magnetization transfer (MT) and asymmetric MT effects, water longitudinal relaxation (T 1 ) and direct water saturation (radiofrequency spillover). In the current study, CEST images were acquired in rats following ischemic stroke and analyzed by comparing the reciprocals of the CEST signals at three different saturation offsets. This combined approach corrects the above competing effects and provides a more robust signal metric sensitive specifically to the proton exchange rate constant. The corrected amide proton transfer (APT) data show greater differences between the ischemic and contralateral (non-ischemic) hemispheres. By contrast, corrected nuclear Overhauser enhancements (NOEs) around À3.5 ppm from water change over time in both hemispheres, indicating whole-brain changes that have not been reported previously. This study may help us to better understand the contrast mechanisms of APT and NOE imaging in ischemic stroke, and may also establish a framework for future stroke measurements using CEST imaging with spillover, MT and T 1 corrections.
INTRODUCTION
Chemical exchange saturation transfer (CEST) allows the detection of relatively small solute pools by exploiting the chemical exchange between protons in the solute and free water (1, 2) . During CEST experiments, the exchangeable solute protons are saturated by a frequency-selective radiofrequency (RF) pulse and detected through indirect measurement of the attenuated water signals. Water signals [S(Ω)] are usually acquired over a range of irradiation offsets (Ω) around the water resonance frequency and then normalized by the corresponding unsaturated signal (S 0 ). The z-spectrum [Z(Ω) = S(Ω)/S 0 ] allows the solute resonance frequency to be identified and the CEST contrast at each offset to be quantified.
Amide proton transfer (APT) imaging is a specific application of CEST in which the contrast originates from (mainly) backbone amide protons associated with mobile proteins and peptides (3) (4) (5) (6) (7) (8) (9) . During acute stroke, APT reportedly shows significant differences between the ischemic and contralateral (non-ischemic) brain hemispheres, plausibly because of changes in the pHdependent amide exchange rate constant (3) . APT has been used previously to detect the ischemic penumbra and to provide information complementary to perfusion and diffusion-weighted MRI of ischemic tissues (7) . However, despite the successful applications of APT imaging, the robust quantification of isolated amide exchange effects is challenging. The conventional magnetization transfer asymmetry (MTR asym ) analysis is sensitive not only to the exchange rate constant, but also to various other factors, including non-specific magnetization transfer (MT) and asymmetric MT effects, water longitudinal relaxation (T 1 ) and direct water saturation (RF spillover). Various corrections for these factors have been proposed. Zhou et al. (3) modeled MTR asym as a superposition of true APT contrast and a baseline shift MTR' asym , which allows changes in APT to be obtained under the assumption that MTR' asym remains unaltered for different physiological perturbations. Jin et al. (10) proposed the measurement of an apparent APT (APT * ), which can be obtained by interpolating measurements at three offset saturating frequencies, as a good approximation of the APT contrast with less contamination from asymmetric MT effects. Sun et al. (11) derived MTR' asym numerically and added a correction for tissue relaxation for quantitative pH mapping. A number of other methods have also been proposed to isolate the APT contrast from the effects of asymmetric MT, including a two-frequency RF irradiation method (12) , saturation with frequency-alternating RF irradiations (SAFARI) (13) , chemical exchange rotation transfer (CERT) (14) and variable delay multi-pulse (VDMP) methods (15) . However, none of these fully correct for RF spillover, MT and T 1 relaxation effects. Recently, Zaiss and Bachert (16) developed a reciprocal z-spectrum analysis which corrects for both MT and spillover effects, and incorporates compensation for T 1 . Based on this method, we recently described a modified CEST protocol and analysis which combines the three-offset method and the inverse z-spectrum analysis to obtain an approximately pure exchange rate-weighted contrast (17, 18) . By implementing such an analysis in APT imaging studies in rodent and human brain tumors (17, 19) , we have shown that previously reported APT imaging contrasts obtained using MTR asym and APT * in cancer studies are contaminated by T 1 and/or MT effects. A similar conclusion was also achieved recently in an independent study using a different approach (20) . Such findings raise concerns as to whether T 1 and MT effects may strongly contaminate APT data in other applications. This is a fundamental question that must be answered to interpret correctly APT imaging contrast in stroke studies.
APT reflects the amide-water exchange effect downfield (to high frequency) from water, but, in addition, there may be nuclear Overhauser enhancements (NOEs) in the upfield (to low frequency) region of a z-spectrum, and these have also been used in the assessment of stroke (10) . NOEs can be an additional source of error when using asymmetry-based methods to assess amide effects, but they may also provide additional information. NOEs are believed to originate from mobile proteins, lipids and restricted metabolites through cross-relaxation (21) (22) (23) (24) (25) . Therefore, NOEs also have potential for the assessment of changes in composition in biological tissues (24) . However, NOE imaging in stroke has not been studied comprehensively previously, and it is of interest to investigate how NOEs change after stroke occurs, which may provide supplementary information to existing imaging protocols. It should be noted that NOE measurements are also affected by the competing effects mentioned above, yet previous reports have not considered corresponding corrections. Ignoring the influence of such factors may result in ambiguous imaging contrast and make it difficult to interpret NOE measurements.
Here, we quantify APT and NOE effects in a rodent model of ischemic stroke by extending our previous approach (17, 18) and using the reciprocal z-spectrum analysis in combination with spline functions to interpolate measurements made at seven offset frequencies. By correcting for RF spillover, MT and T 1 effects, more robust and isolated measurements of APT and NOE contrasts were obtained. This study may therefore help us to better understand the contrast mechanisms of APT and NOE imaging in ischemic stroke.
MATERIALS AND METHODS

Quantification of APT and NOE
When a coupled two-pool system, such as the free water pool and the amide proton pool (resonance offset frequency Ω =3.6 ppm) reaches steady state under a continuous wave (CW) irradiation, the z-spectrum values at offsets Ω and À Ω are given by (16, 26) :
where θ = tan À 1 (ω 1 /Ω), ω 1 is the irradiation amplitude, k ab and k ba are the exchange rate constants from water to amide proton and the reverse, respectively, R 1a and R 2a are the longitudinal and transverse relaxation rate constants of water, respectively, and R 2b is the transverse relaxation rate constant of amide protons. R eff corresponds to the effective relaxation rate constant in the rotating frame without exchange, and R ex is the exchange-dependent relaxation rate constant (17, 18) . 
Zaiss et al. (16, 18) developed an inverse z-spectrum analysis to explain the non-linear interaction of multiple effects, and defined the apparent exchange-dependent relaxation (AREX) as
, and so:
case, AREX(Ω) is expected to increase with ω 1 and to approach k ab when ω 1 is sufficiently large [ω
The advantage of the approach of Zaiss et al. is that T 1 and symmetric MT effects do not contribute to AREX. The theory behind this requires an extension of Equation [2] to incorporate the relaxation contribution from MT, namely (18, 27 ). An exact knowledge of R MT ex is then not required. However, in biological tissues, Z(ÀΩ) is contaminated by asymmetric MT and NOE effects and is no longer described well by Equation [1] , and thus cannot fulfill the requirement of the reference scan.
The three-offset method proposed by Jin et al. (10) provides an alternative reference scan by interpolating data from two frequencies: for example, Z 
In the current study, the inverse z-spectrum analysis is combined with this three-offset method to better assess APT and NOE changes in vivo, namely:
where R 1 (=1/T 1 ) reflects the observed longitudinal relaxation rate constant of water. Equations [8] and [9] benefit from both the removal of spillover and T 1 corrections in the inverse zspectrum analysis and the minimization of asymmetric MT effects by the three-offset approximation, and hence provide an improved approach for the assessment of APT and NOE in biological tissues.
Animal model
The study was approved by the Institutional Animal Care and Use Committee at Vanderbilt University. MR images were acquired on a 9.4-T Varian 21-cm-bore horizontal imaging system using a 38-mm RF Litzcage Coil (Doty Scientific Inc., Columbia, SC, USA) for both transmission and reception. Six spontaneously hypertensive male rats weighing between 275 and 300 g were scanned using various pulse sequences for 30 min (baseline images), after which the middle cerebral artery (MCA) was occluded via the intraluminal suture method [middle cerebral artery occlusion (MCAO) model] as described previously (28) . Specifically, a 0.37-mm-diameter, silicon-coated, 4-0 nylon suture (Doccol Corporation, Redlands, CA, USA) was routed into the internal carotid artery on the right side and advanced until it occluded the MCA at a depth of 18-20 mm. Rats were then imaged with the same multimodal sequences every 30 min from 0.5 h up to 3 h post-MCAO. The same multimodal scanning was repeated one more time at 24 h post-occlusion. For all MRI studies, animals were anesthetized with 4% isoflurane for induction and 1-2% for maintenance. The rat rectal temperature was maintained at approximately 37°C using a warm-air feedback system. A group of three healthy rats that underwent the same MRI procedures without stroke were used as controls.
In vivo imaging
Scout images were obtained using a fast spin echo multi-slice pulse sequence, with a field of view (FOV) of 40 × 40 mm 2 , 40 axial slices, 0.5 mm thickness, no gap, TR =4 s, effective TE =41 ms, echo train length =8 and matrix size of 128 × 128. After the location was verified, a single axial slice with a thickness of 2 mm was positioned around the bregma region. The remaining MR images were acquired with a single-shot spin-echo echo-planar sequence with a triple reference method (29) to reduce ghosting artifacts (FOV =34 × 34 mm 2 ; matrix size, 64 × 64; bandwidth, 250 kHz). MRI acquisitions included maps of R 2 (transverse relaxation rate constant), quantitative MT (qMT), diffusion, APT and NOE imaging with a total acquisition time near 30 min. R 2 was measured using four different TEs ranging from 28 to 80 ms. qMT used a selective inversion recovery (SIR) sequence to obtain the pool size ratio (PSR) of the macromolecular MT pool and the observed water longitudinal relaxation rate constant R 1 simultaneously (30, 31) . Specifically, a 1-ms 180°hard pulse inverted only the water pool and the subsequent longitudinal recovery was characterized by a biexponential curve using 16 inversion times (4, 5, 6, 8, 10, 12, 15, 20, 50, 200 , 500, 800, 1000, 2000, 4000 and 6000 ms). A saturation pulse train was used to speed up the acquisition (32) . Five parameters were fitted from the biexponential fit, i.e. R 1f (the longitudinal relaxation rate constant of the free water pool), S f (the efficiency of the 180°inversion pulse on the free water pool), M f (magnetization of free water before the inversion pulse), k mf (the MT exchange rate constant between the macromolecular and free water pools) and PSR. The observed water longitudinal relaxation rate constant R 1 was derived from these five parameters. It should be noted that the free water pool R 1f is different from the observed R 1 . R 1 is affected by the MT process, whereas the free water pool R 1f represents the intrinsic longitudinal relaxation rate constant. Apparent diffusion coefficients (ADCs) were measured using a conventional pulsed gradient spin echo (PGSE) sequence with gradients applied simultaneously on three axes (gradient duration, 5 ms; separation, 12 ms; five b values between 0 and 1000 s/mm 2 ). APT images were acquired with CW irradiation pulses at six B 1 values (0.8, 1, 1.2, 1.4, 1.6 and 1.8 μT) and eight offsets (2.7, 3, 3.3, 3.6, 3.9, 4.2, 4.5 and 300 ppm). The saturation pulse duration was 5 s and TR/TE =7 s/28 ms. For NOE imaging, the offsets (ppm) were À5.75, À5, À4.25, À3.5, À2.75, À2, À1.25 and 300 with B 1 (μT) at 0.2, 0.4, 0.6, 0.8, 1 and 1.2.
Data analysis
All data analyses were performed using Matlab (Mathworks, Natick, MA, USA). All images were smoothed by a 2 × 2 filter, and the brain was manually outlined for pixel-by-pixel fitting. R 2 and ADC were measured by fitting the signal decays to monoexponential functions of TE and the b value, respectively (S ¼ S 0 e ÀTEÂR2 and S ¼ S 0 e À bÂADC ). PSR and R 1 were derived simultaneously from the fitting of the signal intensities as a Fig. 1a) . Spline interpolation may provide slightly better estimation of the baseline than linear interpolation. To account for possible slight B 0 inhomogeneities, the offset which showed the largest difference between Z * ref and Z lab was regarded as 3.6 ppm in Equations [6] and [8] . By such a means, the effects of small B 0 inhomogeneities were corrected without taking extra scanning time, which was important for this multi-parametric time course study. It should be noted that, if the signal-to-noise ratio (SNR) is not sufficient, APT * and NOE * may be overestimated. However, as SNR [mean(signal)/standard deviation (noise)] was around 400 for the control scan at 300 ppm in this study, it is appropriate to use such a method for fast B 0 correction. The same method was also used for NOE imaging with corresponding offsets. three healthy control rats were taken into consideration, and results are given as mean ± standard deviation (n =6) where applicable. The significance of the difference between pre-and post-MCAO in either hemisphere of the ischemic rat brain was estimated using the Wilcoxon rank-sum test. Figure 2 shows the multi-parametric MRI maps obtained at each time point; À0.5 h represents the baseline time point before MCAO. In agreement with several previous studies, there are visible changes in several MR parameters immediately after stroke, which evolve over time.
RESULTS
Multi-parametric maps
Time courses of R 2 , ADC, PSR and R 1 Figure 3 summarizes the temporal evolution of the average values of R 2 , ADC, PSR and R 1 in the ROIs prescribed. Consistent with previous reports, R 2 showed an initial increase after the onset of ischemia, which has been explained as a blood oxygen level-dependent (BOLD) effect (7, 33, 34) . The measured ADC showed a significant decrease (30%) within 0.5 h after the onset of ischemia, also as reported previously (35) (36) (37) . R 1 decreased early and continued to drop with a similar time course to ADC, consistent with earlier reports (38) . PSR stayed around 10% and then dropped to approximately 7% at the 24-h time point, which is in good agreement with a previous qMT study using a different method and analysis (38) . The decrease in PSR at the 24-h time point may be related to the breakdown of cell membranes (39) or other macromolecular degradation and the increased water content (38) . The measured R 1 value in the contralateral hemisphere showed a small but statistically significant increase (P <0.01) from 0.54 ± 0.01 to 0.56 ± 0.01 Hz after the onset of ischemia, but was not much different from that of healthy controls, which suggests that R 1 in the contralateral hemisphere does not change over time.
APT as a function of the saturation amplitude B 1 Figure 4 shows the change in APT * and AREX * (APT) with different irradiation powers (B 1 ) at each time point. APT * in the preischemic rat brain dropped from 2.9% to 1.7% when B 1 was increased from 1 to 1.8 μT, which is in good agreement with the values reported previously (10) . During ischemia, the difference in APT * between the contralateral and ischemic hemispheres was about 1%. Consistent with Equation [5] NOE as a function of the saturation amplitude B 1 Figure 5 shows the change in NOE * and AREX * (NOE) with the irradiation power B 1 at each time point. The pre-ischemic NOE * increased up to a maximum at B 1 = 0.6 μT and then dropped with B 1 , which is consistent with the previous literature (10) . At the 0.5-h time point, the ischemic hemisphere had a larger NOE * than the contralateral hemisphere. However, this difference decreased over time and there was almost no difference at 2.5 h. Conversely, the magnitude of NOE * in the contralateral hemisphere was higher than that of the ischemic hemisphere at a b c d 
Time courses of APT and NOE
Based on the measured data and Equation [5] , the values of AREX * (APT, 1.8 μT) and AREX * (NOE, 1.2 μT) seem to yield a good estimation of the exchange rate constants k ab from water to the amide proton and NOE pools, respectively. The temporal evolution of AREX * (APT, 1.8 μT) and AREX * (NOE, 1.2 μT) thus provides information about changes in these exchange rate constants. 
μT).
The ratio of AREX * (APT, 1.8 μT) between the contralateral and ischemic hemispheres was about 2.38: 1 during acute ischemia and increased to 2.84: 1 at 24 h. NOE * (1.2 μT) in the ischemic region showed a statistically significant increase (P <0.01) from 2.9 ± 0.6% to 4.9 ± 1.1% after the onset of ischemia, and remained almost constant for 3 h. Interestingly, the magnitude of NOE * (1.2 μT) in the contralateral hemisphere also showed a gradual increase over time and there was almost no difference between the contralateral and ischemic hemispheres 2.5 h after the onset of ischemia. As for the healthy controls, NOE * (1.2 μT) stayed reasonably constant. Similar to NOE * (1.2 μT), AREX * (NOE, 1.2 μT) also increased gradually in the contralateral (non-ischemic) hemisphere. In the ischemic hemisphere, AREX * (NOE, 1.2 μT) increased immediately after the onset of ischemia, but dropped over time.
DISCUSSION
The decrease in ADC with acute ischemia has been well documented for a considerable time (35) , but the biological mechanisms responsible for the change are not fully understood. Several factors have been proposed to explain the ADC change. Cellular swelling, for example, may increase the fraction of the intracellular space, which is believed to have a lower ADC than the extracellular space (40) . Cell swelling may also result in an increased extracellular tortuosity and drop in the effective extracellular diffusion rate (41, 42) . The intracellular ADC has also been reported to decrease and correlate with energy failure (43, 44) . The reduced R 1 in the ischemic hemisphere at the 24-h time point may be ascribed to water accumulation (38, 45) , but the early decrease may be evoked by other biological mechanisms (46, 47) because the water content has been reported to be almost constant during the first 3 h after the onset of ischemia (38) . A 7% decrease in R 1 has been reported previously at 9.4 T during the initial minutes of ischemia and was attributed to the cessation of blood flow (48). The variation in the measured R 1 values over time in the contralateral hemisphere was small, but statistically significant (P <0.01), and probably a measurement artefact as a result of the imperfection of the inversion pulse power. The shimming and power calibration were not readjusted after the surgery in order to save time, and so the hard inversion pulse may result in some bias in the estimates of R 1 and PSR, as suggested by previous numerical simulations (32) . The variation in R 1 was only 4%, and so its effect on the quantification of . Statistical significance between pre-and post-middle cerebral artery occlusion (MCAO) was evaluated using the Wilcoxon rank-sum test (*P <0.01 for the ischemic hemisphere and + P <0.01 for the contralateral hemisphere). APT, amide proton transfer; AREX, apparent exchange-dependent relaxation; NOE, nuclear Overhauser enhancement. The three-offset method has been used previously to quantify the APT and NOE contrasts in tumor (17) and stroke (10, 18) models. However, it should be noted that there are two main potential sources of error in APT * and NOE * . First, a high saturation power broadens both APT and NOE peaks, leading to the underestimation of APT * and NOE * (10) . Meanwhile, with increasing irradiation power, the saturation transfer efficiency reaches a maximum, whereas spillover and MT effects continue to increase (49, 50) , which can lead to decreased APT * and NOE * contrasts. Thus, the decreased APT * with B 1 (>0.8 μT) could be attributed to both the increased spillover/MT effects and the increased error of the three-offset method. Second, the exchanging protons of the tissues range from about 1 to 6 ppm and the exchangerelayed NOEs from 0 to -5 ppm. Both APT and NOE peaks may experience interference from neighboring resonances, such as amine protons at 2 and 3 ppm (1,51) . Moreover, the effect of these protons on APT/NOE peaks may change during ischemia. Using a pulsed saturation method, Zaiss et al. (18) observed that both APT * and AREX * (APT) decreased after reaching a maximum at the same irradiation power. The decrease in AREX * (APT) was tentatively explained by possible contaminations of the reference scan from nearby amine protons. In this study, a CW irradiation with a narrow bandwidth was used to minimize the effects of nearby exchanging protons. Consequently, AREX * (APT) increased with B 1 and showed no trend to decrease. The increase in AREX * (APT) is consistent with spillover and MT effects having been corrected. However, as AREX * (APT) cannot fully avoid the contaminations from other protons and the inaccuracy of the three-offset method at high saturation powers, AREX * (APT) is still an approximation of the exchange-dependent relaxation rate constant in biological tissues.
Our previous study (17) found that APT * in tumors was higher than that in normal tissues, but, after T 1 correction, AREX * (APT) in tumors was not found to be significantly different from that in normal tissues. An independent study using a different approach reported similar results (20) . This raises the possible concern that previously reported APT imaging studies in stroke may also be contaminated by T 1 or MT effects. Our current study shows that, with a similar data analysis approach, the RF spillover-, MT-and T 1 -corrected APT contrast AREX * (APT) was even more pronounced than using the conventional three-offset estimate. The corrections for RF spillover, MT and T 1 contaminations thus contribute differently in tumor and stroke.
The AREX theory is based on a two-pool model, but, in biological tissues, water can exist in multiple spaces (e.g. intracellular space, extravascular space and vascular space) with different R 1 values in each space and different rates of exchange between them. To the best of our knowledge, no theory has been put forward that considers CEST effects in the context of more realistic models of biological tissues. To simplify the model, some appropriate approximations may be made. Because the saturation pulses are long (several seconds) compared with typical intracellular exchange lifetimes (~600 ms) (52,53), we assume that water molecules exchange between different compartments and equilibrium is reached between different spaces. If so, the integrated water signal from all spaces can be approximately regarded as a single pool. Under this assumption, although different spaces have their own R 1 values, the overall observed (averaged) R 1 of the whole tissue is suitable for the T 1 correction in this simplified 'two-pool' system. As mentioned above, the cessation of blood flow may cause the overall observed R 1 to decrease on acute cerebral ischemia. Although this R 1 change is irrelevant to chemical exchange, it would lead to a change in CEST contrast: R 1 decreases, Z * ref -Z lab increases (54) . This APT * contrast change is not related to chemical exchange, and so it is necessary to perform the T 1 correction to obtain the true APT contrast.
In this study, variations in NOE * and AREX * (NOE) contrasts in both the contralateral and ischemic hemispheres were observed. NOE * (1.2 μT) provided almost no contrast between the contralateral and ischemic hemispheres 2.5 h after the onset of ischemia, which is consistent with previous observations by Jin et al. 25 μT) for the contralateral hemispheres at 4 h post-MCAO was larger than that of the healthy rat brains. Our time course study showed this change more clearly. The explanation of the variation of NOE contrast after the onset of ischemia is unclear, and so will need to be investigated further in future studies. These results indicate that dynamic NOE imaging with multiple time points may provide additional information about stroke progression. , AREX * (APT) provided greater ischemic contrast. For the first time, we report that NOE * and AREX * (NOE) were observed to increase gradually over time in contralateral hemispheres to the site of injury. Our results may help us to better understand the contrast mechanisms of APT and NOE imaging in ischemic stroke, and also to establish a framework for future stroke measurements using CEST imaging with spillover, MT and T 1 corrections.
